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.2012.09.Abstract Conversion of soluble precious copper ions into a solid form in dilute wastewater efﬂu-
ents for further reuse was studied by using a packed-bed cell. The cathode packing consisted of
graphite particles that have an average particle size of 0.125 cm. The effects of electrolysis time
and initial copper concentration were studied. The cell was found to be effective in reducing metal
ion concentration to less than 0.05% of the initial concentration and maximum current efﬁciency
reached upto 96.2% for dilute copper solution (100 mg/l). It was observed that using this cell
was effective in reducing copper ion concentration from 100 mg/l to less than 4 mg/l.
ª 2013 Egyptian Petroleum Research Institute. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
Electrochemical technology contributes in many ways to clea-
ner environment. Removal of heavy metals from industrial
waste stream is one of greatinterest, since exposure to heavy
metals, even at a trace level, is believed to be a risk for human
beings [1–4]. Copper is considered one of the heavy metals that
creates serious environmental hazards. Also, Copper is one of
the most important metal ions for the global economy as it is a04681965; fax: +20 3387758/
(H.S. Hussein).
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012key component in building and electrical industries [5]. So, the
removal of copper from waste streams has received much
attention from the middle of the last century. Various tech-
niques have been employed for removing copper from waste
streams including chemical precipitation, adsorption, biosorp-
tion, ion-exchange, reverse osmosis, electrodialysis, electro-
chemical deposition and ion-exchange-assisted membrane
separation [6]. Some of these techniques are proved to be effec-
tive for metal removal, however they cannot recover the valu-
able heavy metals that can be subsequently reused. For
instance, chemical precipitation technique produces a large
amount of precipitated sludge that requires further treatment.
Reverse osmosis and ion exchange are of limited application
due to high material and operational costs. On the other hand,
the electrochemical technique is a one-step process for doing
both the jobs, i.e. it does not only diminish the heavy metal
concentration to a safe level but it also allows recovery of pre-
cious metals such as Cu, Ag, and Au without the formation of
excessive sludge. This technique might, therefore, gain ahosting by Elsevier B.V. Open access under CC BY-NC-ND license.
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heavy metal pollutants.
The effective application of the electrochemical technique
dictates the use of a cathode that has large surface area per
unit volume of cell since the metal ions that can be plated
out are directly proportional to the surface area of the cathode.
Such a cathode is realized by either using a porous–metal cath-
ode or a bed of ﬁnely divided material that can conduct elec-
tricity, e.g. graphite particles. Porous cathodes, however,
suffer from the disadvantages that its porous matrix becomes
clogged with the metallic deposit [7].
Bennion et al. [8] studied the electrochemical removal and
recovery of copper ions from very dilute solutions by using
porous and ﬁxed ﬂow-through carbon electrodes. The used
porous electrodes were chips of carbon and graphite. Each
porous electrode was 10.1 cm in diameter and 6 cm high. They
claimed that, a feed of 667 mg/l of copper was reduced to less
than 1 mg/l. However, nothing was mentioned about the cur-
rent efﬁciency of the removal process.
Campbell et al. [9] studied the removal of copper ions in a
graphite packed-bed cell of 1.8 cm width and 10 cm length.
They examined the effect of particle size of graphite on the cur-
rent efﬁciency at different values of current density. They
found that, current efﬁciency increased with increasing current
density to a certain maximum and decreased thereafter. In the
case of ﬁnely divided graphite particles, the current efﬁciency
maximum was displaced to a higher value of current density.
Also the effect of competing hydrogen evolution reaction
was minimized. Moreover the authors concluded that, it is nec-
essary to use a graphite packed-bed (of higher surface area) to
reduce the metal level concentration from 200 mg/l to 1 mg/l.
Issabayeva et al. [10] studied the electrodeposition of cop-
per in a bed made from activated carbon obtained as a byprod-
uct from palm oil production industry. PVC tubing (diameter,
0.6 cm) was connected to the inlet of the ﬂow-through cell via
which an electrolyte solution was pumped upward. The exper-
imental data showed that the current efﬁciency increased with
the increase of the ﬂow rate, but the application of more cur-
rent to the electrolytic cell resulted in decreasing current efﬁ-
ciency values. They claimed that overall current efﬁciency
values were higher at pH 5 rather than pH 3.
Chellammal et al. [11] studied the electrolytic recovery of di-
lute copper from a mixed industrial efﬂuent of high strength
COD (Chemical Oxygen Demand which was used as a guide of
the organicmatter loading). They studied the effect of increasing
temperature and current density on the recovery of copper.Also,
they concluded that electrolysis at 1 · 102 A/m2 and 30 C was
considered as the optimum conditions for maximum copper
recovery and simultaneous removal of COD from the efﬂuent.
After 5 h of electrolysis time, large amount of organic contami-
nants in the efﬂuent (high COD) hindered signiﬁcantly the rate
of copper recoveryandenhanced the energyconsumptionduring
the electrolysis. A three dimensional stainless steel turning elec-
trode could rapidly recover copper from real efﬂuent with an
acceptable current efﬁciencyandminimumenergyconsumption.
Most of previous evaluation of the performance of such
electrochemical technique was experimented in small scale sys-
tems. In this study, graphite packed-bed cell is undertaken with
larger scale cell diameter to evaluate its appropriate perfor-
mance. The effects of initial copper concentrations and the
time of electrolysis on the removal and current efﬁciency were
examined.2. Experimental
2.1. Experimental set-up
The experimental set-up for the copper removal is described in
detail in our previous research [12]. The cell was made of a per-
spex column, the inside diameter was 10 cm and the height was
70 cm. The feeder (anode) and the collector (cathode) were
made of 304 stainless steel. Graphite particles were used to
make the cathodic bed, average particle size, (Dp) was
0.125 cm and the static bed height was 6.5 cm. The system
operated in a batch-recirculation mode.2.2. Materials and methods
All solutions were prepared using analar grade chemicals and
distilled water. A regulated D.C. power supply type (Lodestar
8203) was used to supply power. A pH meter (type HI 8417
made by HANNA instruments) was used to measure the pH
of the electrolyte. Electrolyte feed pump was (Corrosion-resis-
tant magnetic-driven centrifugal pump, 220 V AC, 50 HZ,
90 W) from Ascoll, Italy. The copper concentration was mea-
sured by atomic absorption spectrophotometer Perkin-Elmer
1100 B. The ﬂow rate, measured by a graduated cylinder and
stop watch, was adjusted at 750 ± 50 ml/min. The used elec-
trolyte had an initial copper concentration in the range of
(100–350) mg/l. Sodium chloride was used as the supporting
electrolyte, the concentration of which was ﬁxed at 0.5 M.
The pH of the electrolyte was adjusted at a value of 3 at the
start of each run by using either hydrochloric acid or sodium
hydroxide. Samples were taken from the circulated solution
every ﬁve minutes except the ﬁrst sample which was taken after
10 min. The current density was changed in the range of 100 A/
m2 to 500 A/m2. Experiments were carried out at room tem-
perature (26 C± 3).
The performance was measured in terms of copper removal
efﬁciency or percent and current efﬁciency. The symbol R.E%
was undertaken for the former and C.E% for the later. The
mathematical expressions for their calculation were:
R:E ¼ Ci  Co
Ci
 100 ð1Þ
where: Ci = Initial copper concentration, Co = Outlet copper
concentration and the current efﬁciency (C.E) is deﬁned as
C:E ¼ ziFdm
MiIdt
 100 ð2Þ
where: zi: The number of electrons involved in the electrochem-
ical reaction (for copper, z = 2), F: Faraday constant
(96487 Coulomb/g eqv.), Mi: Atomic weight (63.546 g mol
1
for copper), m: The mass deposited during the time interval
dt (g), I: The electric current (A).
3. Results and discussion
3.1. Decrease of solution copper ions with electrolysis time
Fig. 1 shows the decay of copper ions with electrolysis time at
different initial copper concentrations. Such decay was listed
by digital values in Table 1. From these data, we can deduce
that the copper concentration in the treated stream for the
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Figure 1 Effect of initial copper concentration on the copper
concentration decay versus time.
Table 1 Copper ion concentration versus electrolysis time.
Time, min C(1), mg/l C(2), mg/l C(3), mg/l C(4), mg/l C(5), mg/l
0 104 150 253.09 300 349.5
10 28.57 82 177 214.4 252
15 15.1 65 160 185.4 222
20 4.16 47 145.2 175.4 190.5
25 3.99 26.5 130.5 152.6 189.5
30 3.92 18 109.6 134.2 163
C.D = 400 A/m2
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Figure 3 Effect of time of electrolysis on the removal percent at
different initial copper concentrations.
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missibly value (up to 5 mg/l) at 20 min electrolysis.
At high efﬂuent concentrations (200–350 mg/l), the treated
concentration range was between (110–160) mg/l. Second
treatment for the later streams can be suggested in an identical
cell. This can ensure a permissible copper concentration in a
stream of treated water.
3.2. Effect of electrolysis time on
3.2.1. Removal percent
Fig. 2a and b describe the effect of electrolysis time on the re-
moval percent of copper at different current densities and ini-Ci = 100 mg/l (2-a)
0
10
20
30
40
50
60
70
80
90
100
0 5 10 15 20 25 30 35
Time, min.
R
.E
 %
C.D 100 A/m2
C.D 200 A/m2
C.D 300 A/m2
C.D 400 A/m2
C.D 500 A/m2
Figure 2 (a and b) Effect of time of electrolysis on removal ptial copper concentrations. In this work, electrolysis conditions
were ﬁxed at 0.5 M NaCl as a supporting electrolyte. These
data indicate that, removal percent increased proportionally
with electrolysis time. Observing Fig. 2a, it was clear that;
the relationship was linear for current densities between 100
and 400 A/m2. However, the relation was exponential for the
upper range from 400 A/m2 to 500 A/m2. Removal percent
96.2% could be achieved after 30 min using 500 A/m2. The
percent fell to 55.3% when initial copper concentration was in-
creased from 100 to 300 mg/l at Fig. 2b. This was explained as,
the increase in the initial copper concentration to 300 mg/l
needed longer electrolysis time to achieve higher removal per-
cent value. Moreover, according to equation 1 the derived re-
moval percent was lowered with the increase of initial
concentration. In fact, high current efﬁciency values were ob-
tained for high initial copper concentration. This was ex-
plained as, the transport rate of copper from solution to the
cathode increased with the increase in the initial concentration,
reducing the side effects of hydrogen generation at the cath-
ode. These results agreed with Chang et al. [13] Also, the in-
crease in copper removal with current density and time of
electrolysis was observed by Pak et al. [14]. Fig. 3 shows that,
the increase in initial copper concentration caused dramatic0 5 10 15 20 25 30 35
Ci = 300 mg/l  (2-b)
0
10
20
30
40
50
60
70
80
90
100
Time, min.
R
.E
 %
C.D 100 A/m2
C.D 200 A/m2
C.D 300 A/m2
C.D 400 A/m2
C.D 500 A/m2
ercent at different current densities for two concentrations.
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concentration 100 mg/l, 400 A/m2 and after 30 min, the re-
moval percent reached to 91%. However, for higher initial
copper concentration 150 mg/l the removal percent fell to
64% and then continued to decrease with increasing the initial
concentration range from 250 mg/l to 350 mg /l.Ci = 100 mg /l 
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Figure 4 (a and b) Effect of time of electrolysis on current efﬁciency
current efﬁciency at different initial copper concentrations.
Time of electrolysis = 30 min.
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Figure 5 (a and b) Effect of initial copper concentration on remova
respectively.3.2.2. Current efﬁciency
The inﬂuence of electrolysis time on current efﬁciency was de-
scribed in Fig. 4a–c. Current efﬁciency was inversely propor-
tional to electrolysis time. However, it was directly
proportional to the current density and directly proportional
to initial copper concentration. Our results led to a maximum20 25 30 35
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Table 2 Descriptive effect of operating variables on cell
performance.
Operating variables Current
density
(A/m2)
Initial copper
conc.
(mg/l)
Electrolysis
time (min.)
Performance parameter
Removal percent R.E › bﬂ ›
Current eﬃciency C.E a› › ﬂ
a ›= Increase.
b ﬂ=Decrease.
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after 10 min electrolysis for an initial copper concentration
of 350 mg/l at 500 A/m2 current density. This value drops dra-
matically for more diluted solutions and with higher electroly-
sis time. There was some sort of agreement in this result with
that obtained by Champbell et al. [9].
3.3. Effect of initial copper concentration on
3.3.1. Removal percent
Fig. 5a shows the effect of increase of initial copper concentra-
tion at different current densities. There was an almost de-
crease which was more pronounced at high current density
values. The decrease at different electrolysis time was approx-
imately identical. Removal percent 96.2% maximal could be
obtained at 100 mg/l, 30 min and 500 A/m2current density.
Identical behavior was obtained at different time of electrolysis
as shown in Fig. 5b.
3.3.2. Current efﬁciency
Fig. 6a and b describe the slight increase of current efﬁciency
with increasing initial copper concentration. This behavior be-
came more obvious as the current density was increased. How-
ever, it decreased with the increase of electrolysis time.Time of electrolysis = 10 min. ,
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Figure 6 (a and b) Current efﬁciency versus copper concentra-
tion at different current densities and times of electrolysis
respectively.3.4. Implementation of experimental results
Investigating the experimental results can lead to the following
descriptive Table 2, showing the trend of the effect of operat-
ing variables on cell performance.
As shown in Table 2, an almost increase in removal percent
and current efﬁciency with operating variables can be noticed.
However, an exceptional decrease occurs with removal percent
related to initial copper concentration as well as the current
efﬁciency with electrolysis time. The initiation of the competi-
tive reaction of hydrogen reduction may be the reason. More-
over, as a result of the electrolysis process the competitive
reaction of producing OH ions may also occur and decreased
the cell voltage besides the increase in pH value Kusakabe
et al. [15], Issabayeva et al. [10]. Also, the anodic copper disso-
lution was suggested to occur by several workers (Ruotolo
et al. [7], Issabayeva et al. [10]. Such behavior can be responsi-
ble for the above drawbacks. Moreover, the positive effect of
metal adsorption on the graphite surface during the ﬁrst
10 min of electrolysis may be responsible for the maximal cur-
rent efﬁciency obtained at these time values. Some of these re-
searches attributed these phenomena to the male distribution
of the electric ﬁeld through the packed bed. For improvement
of current efﬁciency at electrolysis time 30 min and above, a
development in the current ﬁeld distribution must be recom-
mended throughout a new feeder design for the cell.4. Conclusion
(1) Packed-bed electrode cell was successfully applied to the
treatment of waste water containing copper ions.
Removal efﬁciency of 96% could be attained when oper-
ating parameters were ﬁxed at; current density 500 A/
m2; electrolysis time 30 min; the supporting electrolyte
0.5 M NaCl; initial pH of the electrolyte was 3 and ini-
tial copper ion concentration was 100 mg/l (Using
CuSO4 salt).
(2) For initial copper ion concentration >100 mg/l, to
achieve high removal %, longer time of electrolysis
was needed.
(3) Current efﬁciency decreases as time of electrolysis is
increased due to the commencement of side reactions
as a result of decreased copper ion concentration at con-
stant applied current density.
On the other hand, the use of this cell is very economical as
the processing time (i.e. the hydraulic retention time) is much
smaller than that previously suggested by other authors. The
210 I.A. Khattab et al.smaller processing time has a considerable impact on decreas-
ing the ﬁxed cost of the cell.
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